Little is known about the severity and long-term health and economic consequences of sarcopenia. We developed a sarcopenia index to measure severity in older Americans and estimated the longterm societal benefits generated by effective interventions to mitigate severity. Design: Using a micro-simulation model, we quantified the potential societal value generated in the US in 2010-2040 by reductions in sarcopenia severity in older adults. All analyses were performed in Stata and SAS. Setting & Participants: Secondary data from the National Health and Nutrition Examination Survey (NHANES) (N = 1634) and Health and Retirement Study (HRS) (N = 952) were used to develop a sarcopenia severity index in older adults. Measurements: Multitrait multi-method and factor analyses were used to validate and calibrate the sarcopenia severity index, which was modeled as a function of gait speed, walking without an assistive device, and moderate physical activity. Results: In representative elderly populations, reducing sarcopenia severity by improving gait speed by 0.1 m/s in those with gait speed under 0.8 m/s generated a cumulative benefit of $65B by 2040 (2015 dollars). Improving walking ability in those with walking difficulty generated cumulative social benefit of $787B by 2040. Conclusions: Reducing sarcopenia severity would generate significant health and economic benefits to societyalmost $800B in the most optimistic scenarios.
Introduction
Sarcopenia, an age-related loss of muscle mass and strength (1, 2) , contributes to disability and increases the risk of morbidity and mortality (3) (4) (5) (6) (7) (8) . Approximately one in four older adults (individuals over the age of 65) in the US has mobility impairment that may be the result of, or worsened by, sarcopenia. In 2000, the direct healthcare costs attributable to sarcopenia alone reached an estimated $18.5 billion (9, 10) . Despite these risks, identifying patients for treatment remains challenging (11) , in part because no uniform or generally accepted diagnostic criteria exist (12) . In 2016, a revision of the International Statistical Classification of Disease introduced a code for sarcopenia (M62.84); however, it does not account for, or distinguish between, varying levels of severity. In fact, most criteria use only binary diagnostic criteria-i.e., whether a patient meets the clinical criteria for sarcopenia or not-to establish the presence of sarcopenia (2, 12, 13) . A significant amount of variation in severity and appropriateness for intervention likely exists among individuals who meet the typical binary diagnostic criteria for a sarcopenia. Thus, a natural question is whether one can create a continuous measure of sarcopenia severity with an index.
There has been some progress. Others have created an index for the severity of frailty (14) , an age-related condition closely related to sarcopenia, based on the number of "health deficits," including impaired walking, comorbidities, and limitations in activities of daily living (ADLs) (15) . The European Working Group on Sarcopenia in Older People defines 'severe sarcopenia' as reduced muscle mass, strength, and performance (2) . Janssen and co-authors proposed thresholds for skeletal muscle index to distinguish individuals into two broad categories: moderate-versus high-risk of sarcopenia-related physical disability/difficulty with ADLs (13) .
Few studies have evaluated the economic consequences of sarcopenia or the potential benefits of reducing the severity of sarcopenia among older individuals (10) . Better understanding the societal burden of sarcopenia and the potential to reduce that burden is key to motivating policies and communicating the value of novel interventions that reduce the severity of sarcopenia. Given the large and likely growing burden of sarcopenia, the goals of this study were to develop a sarcopenia severity index and estimate the societal value generated by reducing the severity of sarcopenia in older adults over a period of 30 years in the US using a micro-simulation model.
Methods

Study population
The population of interest included older adults at risk for age-related muscle loss who would be good candidates for interventions aimed at reducing the development and progression of sarcopenia. 
Index development
Simulation model
Data from two databases were used for the purposes of running the micro-simulation model. The cohort of older adults was extracted from the weighted (to be nationally representative) HRS 2010 wave. The Medicare Current Beneficiary Survey was used to estimate total medical expenditure for individuals who were age-eligible for Medicare. These expenditures were broken down by Medicare program (Parts A, B, and D; all enrollee expenses were modeled as feefor-service plans) and total versus out-of-pocket expenditures.
Severity index component candidates
Grip strength, muscle mass (kg), appendicular lean mass (kg) adjusted for body mass index (BMI, kg/m2), sex, age, and gait speed (m/s) were considered for inclusion in the severity index. Grip strength was not available in the 1999-2002 NHANES surveys; therefore, we imputed right-hand grip strength in the NHANES sample from knee extensor/quadriceps strength based on prior literature (see supplemental material) (16) . In NHANES, knee extensor strength and timed walk tests were administered in individuals ≥50 years of age without a condition/recent injury that prevented them from walking. A dynamometer was used to evaluate knee extensor strength (reported in peak torque, Newton meters). Gait speed was calculated based on the time (seconds) to complete a 20-foot walk and flagged if the respondent used an aid during the timed walk test. Body composition and lean mass were measured using dual-energy x-ray absorptiometry.
To validate the severity index components-stage one in the index development process-information on cognitive function from the NHANES sample was also used, including (i) the number of questions answered correctly on the Wechsler Adult Intelligence Scale, Third Edition, (ii) systolic blood pressure, (iii) self-reported problems with memory/confusion that creates difficulty/limitations, and (iv) self-reported difficulty with managing money. The rationale for including information on cognitive function is described in the Statistical Analysis Section, below.
In the HRS sample, all older adults without a condition or recent injury that prevented them from walking were eligible for the timed walk on a 12-foot course. Gait speed was flagged if the respondent used an aid during the timed walk test. Body weight and height were measured by trained health technicians in individuals who were able to stand and weighed <300 pounds.
Societal value
Total societal benefits include changes in total medical expenditures (all inclusive, regardless of payer) for the study population and monetized quality-adjusted life years (QALYs). Medical expenses were adjusted to 2015 dollars in real terms according to the Congress Budget Office's projections, tied to the real growth in GDP. Changes in earned income, Supplemental Security Income, and other economic outcomes were also examined, but the impacts in both intervention scenarios were small due to the demographics of the cohort of older adults, and thus were not included in the societal value. All cumulative and lifetime monetary outcomes were discounted to 2015 at a rate of 3% and reported as the net present value over the duration of the simulation in 2015 dollars. Per-period monetary outcomes were reported in 2015 dollars, but were not discounted. The study methodology is displayed in Figure 1 .
Figure 1
Statistical analyses
Index Development
We developed the index in two stages: (i) component validation, and (ii) index component weight estimation. First, multi-trait multi-methods (MTMM) and principal factor analyses were used to validate the severity index components. MTMM is a statistical approach used to assess the validity of a latent sarcopenia trait or characteristic of the patients along a continuum by evaluating this trait against a set of other distinct traits, where each trait is measured by a different physical mode of measurement. The MTMM analysis compared the ability of various combinations of index components to predict sarcopenia severity. While we were most interested in the sarcopenia severity trait, we needed at least two traits to conduct the MTMM analysis. Thus, we measured two traits-'sarcopenia' and 'cognitive functioning'-using a number of associated measures identified from the NHANES data. Cognitive functioning was conceptually distinct from muscle mass (see supplemental material). We fit three 3-method and three 4-method MTMM models to validate the sarcopenia severity index components. Model fit was assessed using the root mean square error of approximation statistic, as well as the Tucker-Lewis and Comparative Fit Indexes.
Second, based on the results of the MTMM analysis, principal factor analysis (PFA) was used to reduce the number of correlated observed variables to a small set of important independent variables, and estimate the weight of each index component and develop the index for the MTMM validated components based on the PFA estimated loading factors. Next, to validate the existence of a relationship between sarcopenia severity and health and economic outcomes, the associations between sarcopenia severity-as measured by the index-and one-year mortality, two-year mortality, and one-year inpatient hospital admissions were evaluated using multivariate logistic regression (see supplemental material).
Simulation model
The Health Economic Medical Innovation Simulation (THEMIS), a well established micro-simulation model (17, 18) , was used to quantify the societal value generated in the US in 2010-2040 for a hypothetical reduction in sarcopenia severity in the cohort of older adults in 2010 (see supplemental material). Individuals were assigned a sarcopenia severity score based on the percentile of their severity index value, e.g., individuals in the 12th percentile had a sarcopenia severity score of 12. Thus, the lower the severity score, the more severe the sarcopenia. Simulated individuals face a likelihood of developing new health conditions, including hypertension, stroke, heart disease, lung disease, diabetes, and cancer, as a function of their risk factors, including race, education, marital status, smoking status, age, gender, and BMI, and their preexisting conditions. Transitional probability (probit) models, derived from the HRS data, estimate likelihoods that patients develop each of these new conditions in each model cycle (2 years). The conditions are chronic and assumed to persist until death, and factor into subsequent time cycle probit models estimating risk of other conditions for a given patient. Risk factors, like age, BMI, and marital status, change each year if they are time varying. The probability of death is estimated based on the new conditions and risk factors, as are estimates of direct medical costs, functional status, and other outcomes. Patients who survive proceed to the next model cycle. The severity index value was a predictive factor for the physical function outcomes (ADL and instrumental ADL limitations, home help utilization, and mortality, among others).
Using THEMIS, we simulated the health and functional status, healthcare spending, and mortality experience of older adults starting in 2010 under two intervention scenarios: (i) a reduction in sarcopenia severity by improving gait speed by 0.1 m/s-considered a clinically significant increase in gait speed (19)-in those with gait speed under 0.8 m/s, and (ii) improved walking ability-i.e., eliminated difficulty walking in individuals who reported having some difficulty walking across a room and prevented individuals from developing difficulty walking in subsequent years. A gait speed of 0.8 m/s is the recommended cut-point for identifying sarcopenia based on an association with increased mortality and disability (11) . This cut point is a midpoint between a gait speed associated with a high risk of adverse outcomes (<0.6 m/s) and a gait speed associated with low risk of adverse outcomes (>1 m/s) (20, 21) . These interventions represent what would likely be an upper bound on societal value of intervening on these measures in this population.
Results
In the NHANES sample (N=1634), the mean age was 74 years, mean BMI was 27.5 (i.e., overweight, but not obese), and 49% of the sample was female (Supplementary Table S2 ). Approximately two in five individuals reported participating regularly in moderate physical activity and only 3.5% of individuals used a walking aid.
The MTMM diagnostic statistics indicated that the handgrip strength measure did not perform as well as the gait speed measure in the MTMM model. While BMI and appendicular lean mass adjusted for BMI performed similarly, the latter was not available in HRS; therefore, the models using BMI were preferred because they allowed for validation and comparison with principal factor analysis using a HRS individual sample. Including the "aid used to complete the timed walk" measurei.e., estimating the four-method models-improved the MTMM results (Table 1) . Based on the model diagnostic statistics, we preferred the four-method model with gait speed as the performance measure of the sarcopenia trait, moderate physical activity as the self-reported trait measure, use of an assistive device in the timed walk as the self-reported physical trait measure, and BMI as the physical measure. We did, however, continue to consider the grip strength performance measure in the subsequent index estimation and principal factor analysis because it is easy to assess and a commonly collected performance measure used in sarcopenia diagnostic criteria.
As shown in the supplemental material, model diagnostic statistics suggested that the three-component PFA provided a more reliable measure of sarcopenia severity than the four-component PFA; therefore, we developed the severity index based on the three-component PFA results. In the fourcomponent PFA, grip strength had the second largest factor loading in the NHANES data and the smallest factor loading in the HRS data. This may stem, in part, from the fact that hand grip strength was inferred based on quadriceps strength in NHANES and lacks variance uncorrelated with performance on a quadriceps strength test. In the three-component PFA, gait speed had the largest factor loading, followed by no walk aid, and moderate physical activity in both the NHANES and HRS samples, providing evidence of cross-validation across two different population samplings. The PFA factor loadings and scoring coefficients are provided in the supplemental material. An individual's severity index value is a function of the scoring coefficients and their gait speed, whether they participate in moderate physical activity regularly, and whether they use a walking aid. That is, the severity score equals Among older adults in the HRS sample (N=952), each one-percentage point increase in severity index percentile (representing a decrease in sarcopenia severity) was associated with a 33% decrease in the risk of 1-year mortality, a 40% decrease in 2-year mortality, a 31% decrease in the frequency of 2-year hospital admissions, 13% decrease in the number of 2-year office visits, and 15% decrease in out-of-pocket medical expenditures (Supplementary Table S3 ). Figure 2 illustrates the results of the simulation for both intervention scenarios_reducing sarcopenia severity by improving gait speed by 0.1 m/s in those with gait speed under 0.8 m/s (Panel A) and reducing sarcopenia severity by improving walking ability in those with walking difficulty (Panel B). The prevalence of difficulty with 3 or more ADLs and annual per-capita medical expenditures were not significantly reduced in the intervention to improve gait speed (Supplementary Figure S3) . Neither the prevalence of difficulties with instrumental ADLs nor the frequency of transition to nursing home living were significantly reduced in either intervention scenario (see supplemental material). As we would expect, the prevalence of difficulty with 3 or more ADLs was reduced in the difficulty walking intervention, as were annual per-capita medical expenditures. The savings in annual per-capita medical expenditures in the difficulty walking intervention steadily increased in each subsequent year of the simulation-i.e., as the cohort aged-from $396 (2010 US$) in the ≥67-year-old cohort (in the first iteration of the simulation in 2012) to $4570 in the ≥95-year-old cohort (2040). Similarly, the savings in out-of-pocket medical expenditures also increased in each subsequent year of the simulation, from $50 in the ≥67 year old cohort to $799 in the ≥95 year old cohort (Supplementary Figure S4) .
Figure 2
Cumulatively, a reduction in sarcopenia severity by improving gait speed by 0.1 m/s in those with gait speed under 0.8 m/s generated a benefit of $65B by 2040 and an average of 0.4 years of life expectancy gained per person (Table 2) . A reduction in sarcopenia severity by improving walking ability in those with walking difficulty generated a cumulative benefit of $787B by 2040 and an average of 0.5 years of life expectancy gained per person ( Table 2 ). The large difference in social value with similar life expectancy gains is due to the larger cumulative size of the cohort eligible for the walking difficulty intervention over the course of the simulation period. 
Discussion
We developed a sarcopenia severity index with three components: gait speed, participation in moderate physical activity, and no walking aid, making it a clinically tractable index of disease severity. These components are in line with previous studies that have demonstrated that participation in regular physical activity reduces the burden of major mobility disability in the elderly and that gait speed is a key predictor of mobility disability (22, 23) . Gait speed thresholds were also included as measures of physical performance in several clinical diagnostic criteria for sarcopenia (2, 11, 12) . As expected (3-8), we found that lower sarcopenia severity index scores, denoting more severe disease, were associated with greater odds of mortality and higher healthcare utilization. Using THEMIS, we explored the impact of two hypothetical sarcopenia severity interventions in a nationally representative cohort of older adults from 2010. The first intervention, which reduced sarcopenia severity by increasing gait speed by 0.1 m/s in those with gait speed under 0.8 m/s, generated a cumulative benefit of $65B in 2010-2040. The proportion of the cohort eligible for the second intervention (improving walking ability in those with walking difficulty) was larger and consequently so were the cumulative social benefits: $787B in 2010-2040.
This study is similar study that used the share of healthcare expenditures on disability attributable to sarcopenia to estimate that the annual direct medical costs of sarcopenia in 2000 equaled $ 18 .5B and that a 10% reduction in the prevalence of sarcopenia would save $1.1B per year (10) . Over 30 years, this is equivalent to a cumulative savings of $29.4B (2015 US$) in present value. The authors estimated that 47% of healthcare expenditures associated with sarcopenia were attributable to severe sarcopenia, defined as skeletal muscle index (muscle mass divided by height squared) ≤8.5 kg/m 2 for men and ≤5.75 kg/m 2 for women. Our study builds on this work in several ways. We used more recent data on healthcare expenditures, directly modeled the relationships between sarcopenia, mobility/functional disability, and health and economic outcomes, and simulated the dynamics of these relationships over time. Like Janssen et al., we demonstrate that reducing the severity of sarcopenia would generate significant health and economic benefits. Both pharmacological and non-pharmacological treatment options for sarcopenia exist, and others are in development. Clinical trials have evaluated testosterone (in men), estrogen (in women), ghrelin, vitamin D, eicosapentaenoic a c i d , a n g i o t e n s i n -c o n v e r t i n g e n z y m e i n h i b i t o r s , dehydroepiandrosterone, and growth hormone's ability to prevent and/or treatment sarcopenia (24) . To date, no treatment has been approved for sarcopenia. Non-pharmacological treatments are currently the mainstay of sarcopenia treatment and prevention (24, 25) . Increasing and/or maintaining muscle mass through resistance exercise, protein and/or amino acid supplementation, and smoking cessation have all been demonstrated to improve muscle mass, strength, and/or gait speed and are recommended for preventing and treating sarcopenia (26) (27) (28) . Maximal effectiveness-and therefore societal benefit-will likely be achieved using treatment strategies that combine both pharmacological and nonpharmacological approaches.
Limitations
This analysis was limited by the available NHANES and HRS data. Specifically, the most recent wave of NHANES data do not include measures of muscle strength, and the biennial HRS data do not capture the short-term fluctuations in respondents' physical performance or mobility. In addition, the simulations in this study are based on a cohort analysis (US older adults in 2010) and do not reflect the benefits of reducing sarcopenia severity overall in the future population of older adults. Given that this population is projected to grow in the coming years, the benefits of intervention in the overall population would also be larger. Lastly, the simulations assume that the improvements in gait speed or walking ability are costless. The benefits of treatments that reduce the severity of sarcopenia will have to be assessed relative to their costs.
Conclusions
More severe deficits in a latent measure of sarcopenia are associated with increased risk of mortality and increased healthcare utilization. Reducing sarcopenia severity would likely generate significant health and economic benefits to society. Establishing diagnostic criteria and guidelines for treatment are important steps in realizing the benefits of reducing the severity of sarcopenia and will help clinicians and policymakers identify individuals most in need of treatment.
